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While the vapour diffusion resistance of VDB should be high enough to avoid condensation 2 problems within the wall, the principle of the capillary active insulation is the opposite, since the 3 wall is not especially tight for diffusion of moisture from the room side. The capillary activity 4 allows the transport and drying out of the possibly occurring condensate, though this 5 condensation is also due to the vapour open character of the insulation material. Capillary active 6 insulation products are normally inorganic like e.g. calcium silicate (CaSi), autoclaved aerated 7 concrete (AAC) or other materials with properties ensuring a high level of hygroscopicity and 8 capillarity e.g. thin mortar channels in PUR-foam based IQ-Therm. However, in recent years, 9 researchers also investigated biodegradable (biotic) insulation materials like for example sheep 10 wool [8] , hemp, jute and flax [9] . These ecologically sustainable materials have some relevant 11 hygroscopic properties and are to a certain extent capillary active. They seem to be a promising 12 alternative, but more research is still needed to define their usability. 13 Nevertheless, while especially the manufacturers promote the capillary active insulation material 14 as the ideal solution for post-insulation of exterior walls in situations where external insulation is 15 not possible, only a few examples in the literature exist that support their feasibility. Especially 16 Häupl and colleagues investigated capillary active inside insulation in historical masonry building 17 façades of e.g. museums and residential buildings mainly in Germany with good results in terms of 18 hygrothermal behaviour [10, 11] . Both in the case of The Rijksmuseum Amsterdam and a Founding 19 Year house in Talstrasse in Dresden (Germany), relatively thin CaSi insulation system were applied 20 to relatively thick walls. Thus, the walls of Founding Year house in Talstrasse, Dresden, consisting 21 of 435 mm masonry and 150 mm sandstone were insulated with 30 mm CaSi and the walls of The 22 Rijksmuseum Amsterdam, consisting of 600 mm brick (480 mm historical brick + 120 mm clinker) 23 were insulated with a similar thin CaSi insulation. In these cases, the capillary active insulation was 1 capable of keeping the wall below critical moisture levels with the given moisture load from both 2 driving rain load and interstitial condensation. 3 In contrast, others have pointed to the possible risks and disadvantages of capillary active 4 insulation, since the feasibility seems to depend on several factors as for example the driving rain 5 load, thickness of wall and the moisture capacity i.e. the hygric performance of the material in 6 question. Vereecken & Roels showed both in an experimental X-ray study [12] and in numerical 7 calculations [13] that walls with capillary active insulation can store much more moisture than 8 walls with VDB. Therefore, it is recommended and needed to analyse the feasibility of the 9 insulation for each case in question. 10 Although this concept has been developed, tested and used for several years mainly in Germany; 11 the feasibility of capillary insulation materials has apparently not been used and discussed much in 12 Denmark or included in the building regulations where the message still is that VDB's are 13 mandatory when internal insulation is applied. It is questionable whether such insulation can be 14 applied without moisture risk when the situation is less favourable, e.g. where the brick walls are 15 thin, as is the case in many Danish historic buildings, e.g. at the upper floors, where the thickness 16 of the external masonry wall is decreasing and especially under windows, where the thickness as a 17 rule is only one-brick, i.e. 228 mm (1 Danish brick = 228 × 108 × 54 mm). A thinner wall results in a 18 higher condensation risk and a higher moisture load due to the driving rain in a high precipitation 19 area like in Denmark. 20 Independently of the material used for internal insulation, adding internal insulation changes the 21 building physical behaviour of the wall. Thus, it leads in any case to a higher moisture level due to 22 a reduction of the drying capacity of the wall. That is why historical buildings that have proven to 6 1 withstand the weather for many, many years may get a moisture problem when internally 2 insulated. In contrast to an exterior insulation system which also serves as an effective rain 3 protection for the external wall, the application of insulation layers on the inside of a building does 4 not affect the water absorption of the facade. However, driving rain load can be even more critical 5 for the moisture balance of the façade than the effect of interstitial condensation due to the high 6 amount of precipitation that can be uptaken via capillary suction. It is estimated that up to 70 % of 7 the rainwater can be absorbed by a porous wall [14] ; the higher the capillary activity of the 8 material, the more water can penetrate into the wall. Thus, especially historic masonry facades 9 made of porous unplastered brick are greatly exposed. 10 As showed by e.g. Künzel [15] , the moisture performance of a masonry wall in case of internal 11 insulation can be improved by adding water-repellent façade impregnation. However, experiences with a combination of a capillary active/hydrophilic internal insulation and 2 driving rain protection of the external wall are still rare, although this possibly could solve a 3 problem of especially bare masonry walls made of historic bricks that often are more 4 inhomogeneous, softer and more porous than a standard brick and thereby more exposed to the 5 risk of spalling under freezing conditions. 6 The study presented in this paper takes up this question and will by selected simulations of a 7 typical historical wall investigate, which interior insulation systems will perform best under the 8 given conditions. A special focus is given to the effect of impregnation including the influence of 9 the timing for impregnation. South-West direction to be on the safe side, since the South-West direction is the direction that is 7 most exposed to driving rain in Copenhagen area according to the driving rain rose (see Figure 3 , 8 right). The building is modelled as a tall building (> 20 m) in order to be on the safe side regarding 9 the driving rain impact, since higher buildings are more exposed to driving rain than lower 10 buildings. The wall is assumed to be vertical. in Lund according to WUFI. Some of the meteorological data for Lund are given in Figure 3 . 3 The influence of crack in the impregnation layer and in the outermost layer of brick was modelled 4 by allowing 1 % of the driving rain to penetrate 10 mm into construction, i.e. 9 mm behind the 1 5 mm weather resistive barrier. This is a very simplified method to model 2D effects in a 1D model, 6 but it is used in the present analysis as this method is recommended by the WUFI user community. The indoor moisture load was set to normal (according to EN15026). WUFI-Pro 5.3 database 11 material properties were used in the simulated models and these are given in 
Weather resistive barrier (S d = 0,1 m) where the relative humidity behind the insulation (Interface S I ) is high, lowest for the thinnest 60 4 mm AAC insulation and highest for the thickest (100 mm). The simulation of the effect of a crack 5 in the impregnation layer and the exterior side of brick in three models (one from each insulation 6 material: AAC, CaSi, IQ-Therm) shows a somewhat higher relative humidity and mould risk behind 7 the insulation (Interface S I ) compared to the wall assemblies without a crack, but no effect is seen 8 on the interior surface (S i ). According to the current Danish Building regulations, the required U-value (the heat transfer 6 coefficient) for exterior walls is 0.20 W/(m 2 K). To fulfil this, the insulation thickness should be 7 higher than in the analysed models. An additional analysis of the necessary insulation thickness 8 and the influence of the insulation thickness on some hygrothermal parameters was performed in 9 WUFI and the results are given in Table 5 for IQ-Therm insulation. In this case, the necessary 10 insulation thickness is 150 mm (0.19 W/m 2 K). Figure 9 shows the effect of a 1 cm deep façade crack for the impregnated original wall insulated 2 with 50 mm IQ-Therm insulation. It can be seen, that the area behind the façade is obviously much 3 wetter (higher water content and RH) due to the ingress of water. But this does neither affect the 4 room side very much nor the area behind the insulation. Thus, despite the crack, this wall 5 assembly is still a moisture-safe solution in regard to moisture level behind the insulation and on 6 the interior surface, and with a warm interior surface (T si_min 18.6 o C).
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18. For most wall assemblies with insulation, the moisture risk pattern is quite similar to each other, 10 since relative humidity behind the insulation is increasing in the year after the application, this 11 dries out again and is then stable at least from year 2. 12 Figure 10 shows that the mould risk hardly increases after application of 50 mm IQ-Therm 13 insulation to the impregnated original wall, and no increase is expected after the dry-out effect. Figure 12 shows the effect of a façade crack occurring in the impregnated wall with 50 mm IQ-9 Therm insulation. As usual, the mould risk increases in the beginning, but there is no dry-out effect 10 afterwards, since the risk further increases slightly due to the greater ingress of water (MI max = 11 0.52). However, it will be stable on an acceptable level (MI < 1) after 3-years in a 5-year period. There is no doubt that all the tested insulation systems have been shown feasible i.e. moisture 7 safe in other objects, but as the performance depends on e.g. driving rain load and thickness of 8 the wall, it must be assessed in each specific case. In the present study, these factors -in some of 9 the cases -have been unfavourable due to high amount of driving rain and a thin wall.
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The internal insulation without driving rain protection resulted in all cases in too high relative 11 humidity and subsequently in an increased risk of mould growth behind the insulation during the 12 first year after application from Mould index 0 (no growth) to 6 meaning heavy and tight mould 13 growth that covers about 100 % ( Figure 6, Figure 10 ). However, even with a driving rain protection, all 2 models with AAC insulation (60 -100 mm) did not meet the criteria for a moisture safe solution 3 given the chosen boundary conditions (Figure 8, Figure 11 ). They fail because the relative humidity 4 behind the insulation is too high, although the risk of mould growth decreased compared to the 5 unprotected façade, but not enough to be on an acceptable level. The reason for the AAC 6 outcomes is most likely the relatively low capillary transport properties and vapour diffusion 7 resistance of AAC (Table 2) . 8 Condensation and risk of mould growth on the interior surface is not seen in any models with a 9 façade protection. The model without insulation but only with impregnation shows also a 10 moisture safe performance with a remarkable increase of the minimum interior surface 11 temperature to a more acceptable level i.e. above the dew point temperature ( Figure 5 ). temperature is 20 o C, exterior temperature is -0.6 and RH max for interior surface is 75 %). Thus, 16 adding solely impregnation, the interior surface temperature increased the minimum surface 17 temperature from 9.2 o C to 14.5 o C due to a reduction of heat loss through the wall by 45 %, since 18 the impregnation makes the wall drier and a dry wall insulates much better than a wet wall (Table   19   4 ). This effect was also shown in [17, 18] . In the case of masonry walls this is especially significant, Although an almost 100 % protection is possible when impregnations are applied in the right way 2 by experts, the durability varies a lot. Measurements in Germany have shown a lifetime of > 30 3 years in some objects, while it only lasted a few years in other objects [29] . That means that the 4 treatment needs maintenance and may be repeated after some years. It can be seen that 5 especially the (coating) industry focuses on the many advantages of their products while on the 6 other side experts involved in conservation of listed buildings (architects, engineers) are sceptical. 7 On a façade that was treated with an impregnation, the effect of a 1 cm deep crack was only 8 locally limited behind the façade. Thus, the interior surface and the area behind the insulation 9 were hardly affected by the ingress of water through the relatively little crack (Figure 9, Figure 12 ).
However, there is a risk of freezing behind the façade that may result in damage if much moisture 11 penetrates the wall. It has been shown that the evaporation of the trapped moisture behind the 12 surface of the façade is impaired because of the impregnation [22] . Even though, the main reason 13 for the wetter wall is rather that the impregnated façade (above the crack) results in a lot of run-14 off into the crack, which creates a greater moisture load on the impregnated façade than in an 15 unimpregnated façade [30] . 16 The thermal resistance levels of thin capillary active insulations are not compatible with the best 17 insulations on the market today using other technologies (mineral wools, VIP's, Aerogel etc.).
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However, it was additionally calculated (Table 5) (Table 5) . impregnation. Then impregnation is added and the simulation is carried further. Figure 13 shows 15 that in all cases the wall is able to dry out within a year. However, impregnation in March and June 16 gives the shortest drying out period. The results of the present study depend highly on the assumptions and the chosen material 7 properties and boundary conditions. In this study, the material properties are from the material 8 database of the simulation tool and can therefore only be an assumption. While the properties of 9 new building materials are more or less standardised, the properties of historic materials' can vary 10 greatly. Consequently, the results will be less accurate. In the present study, "historic brick" has 11 been chosen to account for the higher porosity that is generally occurring in older bricks.
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In this study, only 1D simulations were performed. This is appropriate for giving a first picture of 13 the performance of several wall assemblies [32] , but the reader must have in mind that 1D is high risk of moisture accumulation behind the insulation. This applies especially in cases when 7 the wall is relatively thin (due to greater influence of the driving rain on the conditions close to the 8 insulation) and when the insulation is very thick (due to the lower temperature of the wall behind 9 the insulation); see Figure 11 for Mould Index depending on insulation thickness. Façade 10 impregnations can be a solution when a driving rain protection by the construction itself for 11 example by roof overhangs is not possible. If impregnation and insulation is added in the spring 12 and summer time in Denmark, the drying out period is shortest. 13 Historical buildings will due to their ageing often have several cracks and damaged mortar joints 14 resulting in water ingress and greater moisture and freezing problems behind the façade. 
Relative humidity in the interface between original wall and insulation

